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the assembled complex is surface expressed (McIlhin-Laboratory of Neurochemistry
ney et al., 1998). Studies using hippocampal culturesNational Institute on Deafness
and granule cell cultures have indicated that much ofand Other Communication Disorders
the excess NR1 remains intracellular and is degradedNational Institutes of Health
more rapidly than the heteromeric form, which is pre-Bethesda, Maryland 20892
dominant on the cell surface (Hall and Soderling, 1997;
Huh and Wenthold, 1999). Collectively, these results are
consistent with the hypothesis that unassembled NR1Summary
and NR2 are being retained in the endoplasmic reticulum
(ER) until assembly, which allows exit and expressionThe NMDA receptor NR1 subunit has four splice vari-
on the cell surface. A recent study, however, showedants that differ in their C-terminal, cytoplasmic do-
that some NR1 splice variants are expressed on themain. We investigated the contribution of the C-termi-
cell surface in the absence of NR2 (Okabe et al., 1999),nal cassettes, C0, C1, C2, and C29, to trafficking of
suggesting that surface expression depends on signalsNR1 in heterologous cells and neurons. We identified
on the cytoplasmic C-terminal domain of NR1. The au-an ER retention signal (RRR) in the C1 cassette of NR1,
thors concluded that shorter C-terminal splice formswhich is similar to the RXR motif in ATP-sensitive K1
are expressed on the cell surface more than the longerchannels (Zerangue et al., 1999). We found that surface
forms; thus, NR1-1a is nearly completely retained insideexpression of NR1-3, which contains C1, is due to a
the cell and NR1-4a is highly expressed on the surface.site on the C29 cassette, which includes the terminal
Retention of proteins in the ER serves a number of4 amino acid PDZ-interacting domain. This site sup-
functions. Resident ER proteins such as molecularpresses ER retention of the C1 cassette and leads to
chaperones are retained in the ER as it is their locus ofsurface expression. These findings suggest a role for
function. For others, ER retention serves as a qualityPDZ proteins in facilitating the transition of receptors
control mechanism for ensuring the correct folding orfrom an intracellular pool to the surface of the neuron.
the proper association of heteromeric subunits (for re-
view, see Teasdale and Jackson, 1996; Ellgaard et al.,Introduction
1999). Initial characterization of the T cell receptor
(Klausner et al., 1990) and IgE receptor (Letourneur etGlutamate receptors are the primary mediators of excit-
al., 1995) have delineated a pattern that appears to beatory synaptic transmission in the mammalian brain. The
repeated for many other cell surface receptor types,N-methyl-D-aspartate (NMDA) subtype of glutamate re-
including ion channels. Association of subunits into het-ceptor has been implicated in several critical central
erooligomeric complexes masks the retention signalsnervous system functions, including learning and mem-
that keep unassembled subunits in the ER. ER retentionory, and abnormalities in the receptor may underlie a
may also be involved in determining the final subunitnumber of pathological conditions. Recent evidence
stoichiometry of proteins expressed on the cell surface.suggests that reduced NMDA receptor expression re-
For example, ER retention signals on the ATP-sensitivesults in abnormal behavioral patterns in mice similar to
K1 channel a and b subunits are involved in ensuring
those associated with schizophrenia (Mohn et al., 1999),
the stoichiometric relationship of 4a:4b (Zerangue et al.,
while increased expression of some NMDA receptor
1999).
subunits in transgenic mice produces superior learning As proteins that mediate cell surface targeting of
and memory in various behavior tasks (Tang et al., 1999). membrane proteins from initial associations in the ER
Given their broad involvement in cognitive and neuro- are identified, interesting variations in assembly and
pathological processes, it is important to understand quality control are beginning to emerge. The RAMP fam-
the underlying mechanisms regulating the expression ily of proteins (McLatchie et al., 1998), for instance, medi-
of functional NMDA receptors. ates surface expression of calcitonin receptor–like re-
NMDA receptors are composed of at least one NR1 ceptor (CRLR) through interaction with the receptor
subunit and one or more NR2 subunits. There is a single while it is in the ER. The PDZ protein syntenin mediates
NR1 subunit that exists in eight splice forms, while there cell surface expression of proTGFa through a similar
are four distinct NR2 subunits (NR2A-D). Expression of mechanism. ProTGFa is retained in the ER by mecha-
NR1 subunits in Xenopus oocytes produces small re- nisms that are not yet defined, and interaction with syn-
sponses to agonist application (Moriyoshi et al., 1991), tenin is necessary for release from the ER and subse-
while expression of NR2 alone gives no functional re- quent surface expression. Mutants of proTGFa that
sponse (Monyer et al., 1992). Responses are greatly disrupt PDZ protein–protein interactions block cell sur-
enhanced when NR1 and NR2 subunits are expressed face targeting without affecting the folding of the protein
(Fernandez-Larrea et al., 1999). Thus, suppression of ER
retention either by subunit assembly or by interaction* To whom correspondence should be addressed (e-mail: standley@
nidcd.nih.gov). with other proteins may be utilized as a strategy for
Neuron
888
regulating surface expression or even targeting to spe-
cific cellular domains. An example in support of the latter
is E-cadherin/b-catenin complex formation (Chen et al.,
1999). The exit of E-cadherin from the ER is dependent
on its interaction with b-catenin, which acts as a “chauf-
feur,” routing E-cadherin to the basal–lateral membrane.
Interfering with b-catenin binding causes E-cadherin to
be retained in the ER.
In the present study, we investigated the molecular
basis for the variable surface expression of NR1 splice
variants. To facilitate measurement of surface expres-
sion and to avoid complications of assembly with native
NR2 subunits in neurons, as the N-terminal extracellular
domain is important for glutamate receptor oligomeriza-
tion (Leuschner and Hoch, 1999), we developed chimeric
constructs of Tac receptor and NR1 C-terminal cyto-
plasmic tails. We identified an ER retention signal in the
C1 cassette of NR1 that is functional in both heterolo-
gous cells and cultured neurons. We also unexpectedly
found that a site on the C29 cassette, which includes
the terminal four amino acid PDZ-interacting domain,
could mask the ER retention of the C1 cassette and lead
to surface expression. These findings raise the interest-
Figure 1. NMDAR1 Splice Variantsing possibility that ER retention in neuronal processes
There are eight splice variants of NR1, consisting of four versionsmay be directly involved in regulating synaptic targeting
of the cytoplasmic tail (splice regions shown at bottom of figure)and surface expression of NMDA receptors and suggest that are with and without exon 5 (depicted by a filled box) in the
a role for PDZ proteins in facilitating the transition of N-terminal extracellular domain (absence or presence indicated by
receptors from an intracellular pool to the surface of the “a” or “b” in the nomenclature, respectively). Splice variants of the
cytoplasmic tail either include (NR1-1a/b, NR1-3a/b) or excludeneuron.
(NR1-2a/b, NR1-4a/b) the C1 cassette, and contain one of two car-
boxy-terminal cassettes, C2 (NR1-1a/b, NR1-2a/b) and C29 (NR1-Results 3a/b, NR1-4a/b). The cytoplasmic tails of all splice variants were
appended to the C-terminal cytoplasmic domain of Tac (shown
NR1 Splice Variants Show Different Patterns above, on left, branches indicate glycosylation sites), and various
truncations and mutants were made and assayed as described inof Surface Expression
Experimental Procedures.There are eight known splice variants of NR1 including
four variants of the C-terminal cytoplasmic tail (Figure
1). To determine whether or not these variants are differ-
to NR1-1b) and a trend that was not significantly differ-entially targeted to the cell surface, full-length con-
ent (NR1-4b to NR1-2b of Figure 2B). These results arestructs of the NR1 variants were expressed in HeLa
similar to those recently reported by Okabe et al. (1999).cells, and surface expression was determined using an
antibody to the extracellular domain, exon 5, applied
to live cells (examples are shown in Figure 2A). Total Identification of an ER Retention Signal
in the C1 Cassetteexpression was determined using an NR1 pan antibody
after permeabilizing with Triton X-100. A diffuse, reticu- Our results on the full-length NR1 constructs suggest
that the cassettes C1, C2, and C29 contain informationlar, intracellular staining was seen for all splice variants;
however, for some splice variants (NR1-3b and NR1- that regulates their surface expression. To facilitate the
identification of sites involved in this regulation, chime-4b), small vesicular structures could also be seen more
(NR1-4b) or less frequently (NR1-3b) that appeared dis- ras of the NR1 splice variant C-terminal tails and Tac
were constructed. Tac, which contains an extracellulartinct from the general web-like appearance. Surface ex-
pression, as determined by the fraction of transfected N terminus, a single transmembrane domain, and a short
C-terminal tail, is constitutively expressed on the cellcells that had detectable surface staining, varied with
the type of cytoplasmic tail. A blind quantitative analysis surface in its native state (Bonifacino et al., 1990).
Tac-NR1 chimeras were transfected into HeLa cells(Figure 2B) showed that cells transfected with the NR1-
1b variant had no surface expression, while cells trans- and surface expression was determined by immunofluo-
rescence and by quantitation of anti-Tac antibodyfected with the other splice variants had different levels
of surface expression. While all other splice variants were bound to the surface of intact cells (Figure 3). Splice
variant chimeras showed similar patterns of immuno-significantly different from NR1-1b, additional observa-
tions were made from these experiments: (1) C1 cas- staining and surface expression by immunofluores-
cence. Tac-NR1-1 showed a more patchy, filamentoussette–containing splice variants showed significantly
less surface expression than those without C1 (compare distribution than full-length NR1-1b, similar to that re-
ported for full-length NR1-1 in other cell types (OkabeNR1-1b to NR1-2b, and NR1-3b to NR1-4b; Figure 2B),
and (2) C29-containing splice variants showed signifi- et al., 1999). Tac-NR1-2 and Tac-NR1-4 showed distri-
butions similar to those of the full-length subunits; how-cantly increased surface expression (compare NR1-3b
ER Retention of NR1
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Figure 2. Differential Surface Targeting of
Full-Length NR1 Splice Variants
(A) HeLa cells were transfected as described
in Experimental Procedures and surface
stained with an affinity-purified polyclonal an-
tibody to exon 5. Cells transfected with vector
alone show no surface staining (data not
shown), as do cells expressing NR1-1b. NR1-
2b showed robust surface staining, as do
cells expressing NR1-4b. NR1-3b surface
staining was less.
(B) Surface expression of the full-length sub-
units was quantified using a strategy similar
to that of Okabe et al. (1999). Coverslips were
coded so that the observer was blinded for
quantification. Briefly, cells were double
stained, first surface stained with anti-exon
5 antibody (rabbit; 1 mg/ml), and then fixed,
permeabilized, and incubated with a mouse
monoclonal pan NR1 antibody (1:2000). Rho-
damine anti-rabbit and FITC anti-mouse anti-
bodies were used as secondary antibodies.
Cells were quantified (n $ 3 experiments;
$100 cells) by first establishing the existence
of clear staining with the pan-NR1 antibody
and then assessing the presence or absence
of surface stain. The histogram shows the
fraction of positive permeabilized cells that
displayed surface staining (6 SD). NR1-1b/
NR1-2b, p , 0.01; NR1-1b/NR1-3b, p , 0.05;
NR1-1b/NR1-4b, p , 0.01; NR1-3b/NR1-2b,
p , 0.05; NR1-3b/NR1-4b, p, 0.05, Student’s
unpaired t test.
ever, appearance of endosomes and surface staining unlike the others, was retained in the ER, and only the
high-mannose, endoglycosidase H–sensitive state waswas more pronounced. Tac-NR1-3 showed a distribu-
tion indistinguishable from that of the full-length NR1- attained (Figure 3C). The others show a higher molecular
weight, PNGase-sensitive, endoglycosidase H–insensi-3b. Quantitative analysis of surface expression of the
Tac constructs showed patterns similar to those ob- tive band, indicating further processing through the Golgi
apparatus (Tac-NR1-2 through Tac-NR1-4, Figure 3C).tained with the full-length constructs (Figure 3B) with
Tac-NR1-1 showing essentially no surface expression A series of Tac chimeras containing segments of the
NR1-1 cytoplasmic tail was constructed to determineand Tac-NR1-4 showing the greatest. The small amount
of surface staining for Tac-NR1-1 is background and the amino acid sequence responsible for the ER reten-
tion of Tac-NR1-1. The C0 region of NR1-1 (Figure 4A;similar to that obtained with untransfected cells. While
full-length NR1 subunits have 12 consensus N-linked TM4 to amino acid [aa] 890, line 3), a segment present
in all splice variants, showed robust surface expression,glycosylation sites, studies in granule cell culture indi-
cate that although a portion of NR1 is expressed on the as did C2 (aa 925–960), present on both NR1-1 and NR1-2
(Figure 4A, line 5). However, when C1 was appended tosurface, conversion to a complex carbohydrate form
is not detected (Huh and Wenthold, 1999); all NR1 is the Tac construct, it was largely retained (Figure 4A, line
4; aa 890–925). If the last 13 amino acids of the C1 regionendoglycosidase H sensitive, indicating that NR1 exists
in a high-mannose form regardless of intracellular local- were not included (Figure 4A, line 6; Tac-NR1-1D909),
we found that the construct was expressed on the sur-ization. However, the Tac chain has two N-linked glyco-
sylation sites that are processed into the complex form face to the same degree as the construct with C0 alone.
Including an additional 11 amino acids produced com-with substantial differences in the molecular weight of
forms in various states of processing (Bonifacino et al., plete retention (Figure 4A, line 7; Tac-NR1-1D920).
Based on consensus sequences of type I and type II1990). Since complex oligosaccharides are formed on
passage through the Golgi, we took advantage of the transmembrane protein ER retention signals, there were
several sites within C1 that could be responsible for ERTac glycosylation state to determine if the NR1 splice
variants, in particular Tac-NR1-1, exited the ER. We retention (for review see Teasdale and Jackson, 1996),
including a triple lysine at amino acids 898–900, and atreated constructs with endoglycosidase H, an enzyme
that cleaves only high-mannose forms but not complex triple arginine at amino acids 915–917. In type I trans-
membrane proteins, dilysine residues located at the endforms of N-linked oligosaccharide, and N-glycosidase
F (PNGase), an enzyme that cleaves all N-linked oligo- of the C terminus have been shown to mediate ER reten-
tion (Jackson et al., 1990). Mutation of the triple lysinesaccharides. Treatment of homogenates of transfected
HeLa cell homogenates with endoglycosidase H, and sequence in Tac-NR1-1 had no effect on surface expres-
sion (Figure 4B; line 11).PNGase (Figure 3C) clearly indicated that Tac-NR1-1,
Neuron
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Figure 3. Differential Surface Targeting of
Tac Chimeras of NR1 Splice Variant Tails
In (A), C-terminal domains of NR1 splice vari-
ants were appended to Tac and expressed in
HeLa cells. Immunoflouresence microscopy
using the Tac antibody to the splice variants
and a rhodamine-conjugated secondary anti-
body reconstitutes a similar pattern of sur-
face and permeabilized staining observed
with full-length subunits (Figure 2A). Surface-
to-permeabilized ratios were quantified as
described in Experimental Procedures for
each Tac splice variant (n $ 3 experiments),
and are shown. Quantification in (B) reveals
a pattern of surface expression similar to that
seen for the full-length subunits (Figure 2B).
Asterisks indicate significant differences
from Tac-NR1-1 (Student’s unpaired t test;
p , 0.05). Western blots were performed on
splice variants treated with PNGase, endo-
glycosidase H, or control in (C). The two lower
bands represent unglycosylated (lower), and
glycosylated high-mannose form (upper), and
are indicated by arrows left of the panel. The
band migrating at z60 kDa represents a ma-
ture, complex glycosylation state, indicating
the chimera has passed through the Golgi
apparatus. The mature form includes the ad-
dition of O-linked oligosaccharides (Leonard
et al., 1985) in the Golgi (for review see Van
den Steen et al., 1998), and therefore, only a
partial shift in molecular weight is seen after
treatment with PNGase. The mature, complex
glycosylation state is indicated by the aster-
isk left of the panel. Note that with Tac-NR1-1,
no mature form is seen, indicating it is re-
tained in the ER.
An RXR motif has been recently defined for the multi- fluorescence experiments with Tac-NR1-transfected
HeLa cells incubated for 2 hr with 200 nM TPA (PKCtransmembrane domain subunits of the ATP-sensitive
K1 channels (Zerangue et al., 1999). This motif does not activator), 100 mM H7 (PKC inhibitor), 20 mM forskolin,
or both TPA and forskolin for 2 hr had no effect onconform to constraints established for type II double
arginine retention motifs. Specifically, the RXR does not surface expression of Tac-NR1-1 (data not shown). The
PKC activator TPA has been shown to have a regulatoryconform to the requirement for localization at the distal
N terminus (Schutze et al., 1994) and can be localized effect on the presence of receptor rich domains in QT6
cells by dramatically reducing clustering (Tingley et al.,in cytoplasmic domain loops as well as terminal cyto-
plasmic sequences (Zerangue et al., 1999). In the RXR 1997). Since Tac-NR1-1 was not found on the surface,
we were not surprised to find that TPA caused no changemotif, X can be any basic (K or H) or neutral amino acid
(for instance, W or N) but cannot be an acidic amino in surface staining.
acid. Substitution of the central arginine with glutamate
produced a large increase in the relative surface expres- PDZ Domain–Mediated Suppression
of ER Retentionsion (Figure 4B, line 12). Conversion of all arginines to
alanine reproduce surface levels apparent with C0 and While the presence of an ER retention signal in C1 is
consistent with the surface expression of NR1-2 andC2 segments (Figure 4B, line 13). Endoglycosidase H
treatment and Western blotting revealed that mutation NR1-4 and the lack of surface expression of NR1-1, it
is not consistent with the surface expression of NR1-3.of the triple arginine to alanine resulted in the presence
of a large band of higher molecular weight complex ER retention defined in multisubunit proteins has been
shown to be suppressed by steric masking of the reten-carbohydrate form, indicating processing throughout
the post ER secretory pathway (Figure 4C). tion signal by coordinate domains in complementary
subunits (Letourneur et al., 1995; Zerangue et al., 1999).A previous study demonstrated that the subcellular
distribution of NR1-1 in quail QT6 cells can be modulated We reasoned that a similar mechanism might be in-
volved in the surface expression of NR1-3. One possibil-by phosphorylation of serine residues in C1, in particular
S912 (Ehlers et al., 1995). We found that mutagenesis ity is that a site on the C29 cassette is involved in masking
the ER retention signal in C1. While C2 and C29 are notof serine residues S918–S919 (Figure 4B, line 9) or S911–
S912 (Figure 4B, line 10) had no effect on the relative similar, the most obvious difference is the presence of
a PDZ-interacting domain at the C terminus of C29 withsurface expression. This was confirmed by immunofluo-
rescence as well (data not shown). In addition, immuno- which an endogenous PDZ protein may interact, leading
ER Retention of NR1
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Figure 4. Identification of an ER Retention
Signal in the C1 Cassette
The Tac-NR1-1 splice variant was truncated
by mutagenesis or PCR. In (A), surface ex-
pression versus total is compared for seg-
ments of the NR1-1 splice variant tail. Results
are the average of $3 experiments. Solid
lines indicate the part of the tail appended
to Tac and numbers indicate the amino acid
number (based on NR1-1b, including signal
peptide). Dots indicate the regions that are
absent. Surface expression versus total is
compared for point mutants. Site-directed
mutagenesis of C1 cassette done with full-
length Tac-NR1-1 is illustrated in (B). The up-
permost amino acid sequence is the native
and arrows indicate amino acid substitutions.
All substitutions shown are to alanine (A), ex-
cept the second to last (line 12), which is to
glutamate (E). A Western blot of Tac-NR1-
1R915-917A was performed in (C). Appear-
ance of a mature form indicates the construct
is no longer ER retained.
to surface expression in HeLa cells. To test this hypothe- ER Retention and Suppression in Neurons
sis, we deleted the last 4 amino acids of Tac-NR1-3 and Tac chimeras allow the assessment of the trafficking of
found that this recaptured complete ER retention (Figure individual NR1 subunits without the potential complica-
5A, line 3). Mutating a single amino acid in the PDZ-inter- tion arising from assembly with endogenous subunits.
acting domain T942P produces similar results (Figure Surface and permeabilized staining was performed on
5A, line 4). Endoglycosidase H treatment and Western hippocampal dissociated primary cultures transfected
blotting with the Tac-NR1-3D4 showed only high-man- with various Tac-NR1 constructs. The Tac-NR1-1 con-
nose, endoglycosidase H–sensitive form, indicating ER struct showed no surface staining, indicating that oligo-
retention (Figure 5B). merization with other NMDA receptor subunits is neces-
There are 25 intervening amino acids between the sary for surface expression in neurons (Figure 6A).
ER retention signal and the PDZ binding motif on Tac- Interestingly, this ER-retained construct had a widely
NR1-3. To assess whether the PDZ binding domain scattered distribution, forming patchy spots, or puncta,
alone is sufficient to suppress ER retention, the last 6 suggesting full-length NR1 may be present in the den-
amino acids of C29 were appended next to the ER reten- drite as unassembled subunits. NR1-3, and NR1-1 with
tion signal (3 amino acids away) of C1, as shown in the RRR mutated to AAA showed surface staining of
Figure 5C. As a control, a construct of equal length, both cell bodies (Figure 6, third panel from top) and
but without the PDZ-interacting domain (terminated at dendrites (Figure 6, bottom panels), consistent with re-
amino acid 926 in C2), was also made. The control con- sults obtained on HeLa cells. The Tac-NR1-1D92016
struct differed in the final 2 amino acids (valine versus construct also showed surface staining while the Tac-
glycine; TVV versus TGG in control) in the PDZ-inter- NR1-1D926 control did not, showing that the last 6 amino
acting domain (Figure 5C); this difference involves a site acids of C29 had a clear impact on surface expression
critical for the PDZ interaction. Western blots of Tac- in neurons, as it does in HeLa cells (data not shown).
NR1-1D92016 aa of C29 chimera were compared to the
Tac-NR1-1D926 fragment of equal length. The appear-
Interactions with PSD-95 Family Proteinsance of the complex oligosaccharide form in the Tac-
Our results suggest that a PDZ protein interacts withNR1-1D92016 and not in the Tac-NR1-1D926 indicates
C29 and suppresses ER retention of NR1. To begin tothat the PDZ domain causes suppression of ER reten-
identify proteins that may interact with the C29 cassette,tion. These results were confirmed by immunofluores-
we focused on the PSD-95 family of proteins, which arecence experiments in which the Tac-NR1-1D92016
known to interact with NR2 subunits through their PDZwas observed on HeLa cell surface, whereas Tac-NR1-
binding domains. NR1-1a or NR1-4b were cotransfected1D926 was not (Figure 5D). The results are consistent
with PSD-95, PSD-93, SAP102, and SAP97 and interac-with the interpretation that the PDZ domain is interacting
tions were determined by coimmunoprecipitation. Wewith a protein endogenous to HeLa cells to allow surface
expression. found that NR1-4b but not NR1-1a coimmunoprecipi-
Neuron
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Figure 5. PDZ Binding Domain Suppression
of the ER Retention Signal
Surface versus total of Tac-NR1-1 is com-
pared to that of Tac-NR1-3 in (A) (lines 1 and
2) and to a 4 amino acid truncation of Tac-
NR1-3 (line 3) and 22 position threonine to
proline substitution (line 4). Western blots
were performed on some mutants treated
with PNGase, endoglycosidase H, or control
in (B). The last 6 amino acids of the C29 region
containing the PDZ binding domain were ap-
pended to the NR1-1 tail next to the ER reten-
tion signal (…RRRSSK-SVSTVV; Tac-NR1-
1D92016; shown above) and compared to
the Tac-NR1-1 construct of identical length
(…RRRSSK-DTSTGG; Tac-NR1-1D926). West-
ern blot of both constructs transfected into
HeLa cells is shown in (C). Note the presence
of the mature oligosaccharide form in the
PDZ-containing construct. Both surface (D,
upper panels) and permeabilized staining (D,
lower panels) of transfected HeLa cells above
indicate only the PDZ binding domain-con-
taining construct shows surface expression.
tated with all PSD-95 family proteins (Figure 7A), indicat- lating the number of functional receptors at the synapse.
For example, LTP and LTD appear to involve increasesing the specificity of association through the C29 cas-
sette with NR1. Since these proteins interact with NR2, (Shi et al., 1999) and decreases (Carroll et al., 1999;
Wang and Linden, 2000), respectively, in the number ofit cannot be demonstrated directly by coimmunoprecipi-
tation that they are associated with C29 of NR1 in assem- AMPA receptors present at the synapse. The mecha-
bled NMDA receptors in brain. However, it has been nisms that regulate these processes, including intracel-
shown that there is a large, unassembled intracellular lular retention, exocytosis, endocytosis, and recycling/
pool of NR1 in brain and in cultured neurons (Chazot degradation of receptors, are poorly defined. In this
and Stephenson, 1997; Hall and Soderling, 1997; Huh study, we investigated the intracellular processing of a
and Wenthold, 1999). Our subfractionation results show subunit of the NMDA receptor, which has been shown
that NR1 is relatively abundant in the microsomal frac- to play a major role in multiple synaptic events such as
tion (P3) compared to NR2 and that SAP102 is also synapse development and plasticity. We found that a
present while PSD-95 is very low. Triton X-100 solubi- signal, RRR, in the C1 cassette is responsible for the
lizes NR1 much more efficiently than NR2 (Blahos and ER retention and consequent lack of surface expression
Wenthold, 1996) and probably reflects the solubilization of the NR1-1 splice variant. The NR1-3 splice variant,
of the NR1 homomeric pool. Triton X-100 solubilization which also contains the C1 cassette, is expressed on
of P3 showed significant solubilization of NR1 but not the cell surface because of the functional masking of
NR2 (Figure 7B). Immunoprecipitation of Triton X-100 the ER retention signal through an interaction with the
solubilized P3 with anti-PSD-95 or anti-SAP102 antibod- PDZ binding domain of the C29 cassette. Thus, these
ies showed coimmunoprecipitation of NR1 with SAP102 two signals regulate the differential surface expression
(Figure 7B). of NR1 splice variants.
Discussion Identification of an ER Retention Signal
in the C1 Cassette
The RRR motif identified in the C1 cassette of the NMDARecent studies have demonstrated the importance of
controlling surface expression as a mechanism for regu- receptor complies with the characteristics of the RXR
ER Retention of NR1
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Figure 6. Cytoplasmic Tails in Neurons Exhibit the Same Patterns
of Surface and Permeabilized Staining Seen in HeLa Cells
Tac constructs were transfected into cultured rat hippocampal dis-
sociated neurons using the calcium phosphate method. Surface and
permeabilized staining was performed as described in Experimental
Procedures and the results of surface (right panels) and permeabil-
ized staining (left panels) are shown.
Figure 7. Association of NR1 Splice Variants with PSD-95 Family
Proteins in Transfected Cells and Rat Brain
(A) Homogenates of HEK293 cells transfected with PSD-93, PSD-ER retention signal identified in the ATP-sensitive K1
95, SAP97, or SAP102 and NR1-1a or NR1-4b (presence indicated
channel a and SUR1 subunits (Zerangue et al., 1999). by a plus sign above) were stained with the antibodies indicated
The center position of RXR can be occupied by a neutral at left, and immunoprecipitations were performed with antibodies
or basic residue, while an acidic residue has a profound indicated above blots. Presence of NR1 bands among the NR1-4-
containing immunoprecipitations support the selective associationeffect on the efficacy of the signal. In concurrence, we
of PSD-95 family proteins with C29 containing splice variants. Solubi-found that when arginine was substituted with gluta-
lization and immunoprecipitation of P3 fractions of rat brain withmate, retention was compromised and surface expres-
anti-PSD-95 family antibodies, and subsequent probing with anti-
sion was dramatically increased; replacement of all argi- bodies to NR1 and NR2 demonstrates NR1 is associated with
nines with alanines led to surface expression comparable SAP102 in vivo. Antibodies used to probe are shown on the left.
to the highest seen for any discrete segment or splice (B) Homogenate (H; lane 1 from left) and Triton X-100 solubilized
(lane 2) fractions shown on blots indicate that the soluble fractionsvariant. In contrast to the di-arginine motif described in
of P3 contain NR1 and SAP102 but undetectable levels of PSD-95type II transmembrane proteins, the RXR signal need
and NR2A and B. Antibodies to SAP102 coimmunoprecipitate NR1.not be localized within the last the last 5 amino acids
of the cytoplasmic tail (Schutze et al., 1994).
The C1 cassette of the NR1 subunit has a number of peptide) by protein kinase C produced a transition from
clusters to diffuse intracellular staining in QT6 cells.sites that are targets of posttranslational modification
or that can interact with other proteins. Ehlers et al. Phosphorylation of other consensus sites in C1 did not
affect the distribution pattern of NR1. We examined the(1995) and Tingley et al. (1997) examined the effect of
phosphorylation on NR1 subunits and showed that effect of mutating the consensus phosphorylation sites
on surface expression of the C1 cassette, as well asphosphorylation of S890 (S911 using NR1-1b plus signal
Neuron
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the effects of PKC inhibitors and activators and PKA 95 family proteins. Although all of these proteins appear
to be components of the postsynaptic density, SAP102activators, and found that none of these changed sur-
face expression. Zerangue et al. (1999) also found that also is abundant in the cytoplasm (Sans et al., 2000) and
is present in the microsomal fraction, which containsthe phosphorylation of serines near the ER retention
signal of ATP-sensitive K1 channels did not change sur- various intracellular membranes. SAP102, therefore, is
a candidate for interacting with intracellular NMDA re-face expression. Thus, the clustering of NR1 that was
investigated by Ehlers et al. (1995) is likely to reflect an ceptors. Our results showing coimmunoprecipitation of
NR1 and SAP102 solubilized from the microsomal frac-intracellular process distinct from the ER retention and
surface expression we report here. Several proteins tion suggest that SAP102 is forming associations early
in the secretory pathway. Thus, the distribution ofhave been shown to bind the C1 cassette of the NR1
receptor, including calmodulin (Ehlers et al., 1996), yo- SAP102 is consistent with its possible function of sup-
pressing the ER retention signal of NR1-3 receptors. Intiao (Lin et al., 1998), and neurofilament-L (Ehlers et al.,
1998), and these remain as candidates for playing a role contrast, PSD-95 is not found in abundance in this frac-
tion or in association with predominantly NR1-con-in the intracellular trafficking of NR1.
taining homomers. SAP102 does not appear to be ex-
pressed in HeLa cells (data not shown), suggesting thatPDZ Domain–Mediated Suppression
surface targeting involves an interaction with anotherof ER Retention
PDZ protein. A potential candidate expressed in HeLaWhile suppression of ER retention by oligomerization
cells is syntenin (Grootjans et al., 1997). Syntenin hasof complementary subunits has been established for
been shown to be promiscuous, binding both type Iseveral proteins, association and masking by a non-
(S/TxV) and type II (F/YxA) PDZ-interacting domains andtransmembrane domain containing, soluble protein has
is involved in cell surface targeting of the ER retainedlittle precedent, except for the calcium channel b subunit
proTGFa (Fernandez-Larrea et al., 1999), which has thedescribed by Bichet et al. (2000). However, biosynthetic
same PDZ binding domain amino acid sequence as thematuration and facilitation of surface expression of the
C29 cassette (TVV).Kv 1.2 potassium channel has also been reported to
occur with its complementary b subunit (Shi et al., 1996).
Thus, association of a specific b subunit with assembled Functional Significance
Our findings suggest that a mechanism involving ERa subunits residing in the ER allows passage of the
assembled complex through the secretory pathway. A retention and interaction with a PDZ protein may play
a role in the processing and trafficking of NMDA recep-similar role has been proposed for the immediate early
gene Homer 1a (Roche et al., 1999). In this model, ex- tors in neurons. The functional significance of these
results can be considered in the context of two pro-pression of Homer 1a functions to release mGluR5 teth-
ered in the ER by longer, IP3 receptor-interacting forms cesses, the assembly of NR1 splice variants with NR2
subunits and the existence and role of homomeric NR1of Homer such as Homer 1b. A similar mechanism may
be involved in NMDA receptor surface expression receptors in neurons.
Since NMDA receptors are thought to require a com-where, instead of the b subunits, or Homers, interaction
with a PDZ protein frees the receptor from the ER and plex of NR1 and NR2 subunits to form functional ion
channels, it is likely that differential processing of NR1allows transport to the plasma membrane. While a pri-
mary role of PDZ proteins may be to anchor ion channels splice variants is related to their assembly with NR2
subunits. Okabe et al. (1999) demonstrated that all fourat specific sites, such as the postsynaptic membrane,
recent evidence also supports a role in intracellular traf- NR1 splice variants could assemble with NR2 and form
functional receptors on the cell surface of heterologousficking. A recent report (Tiffany et al., 2000) shows that
the interaction between the PSD-95 family protein cells. Thus, ER retention of the NR1 subunit is not re-
quired for assembly with NR2 and subsequent surfaceSAP97 and the potassium channel Kv 1.4 begins in the
ER in COS cells; cotransfection in COS cells causes Kv expression in heterologous cells; ER retention had little
effect on assembly/surface expression of the hetero-1.4 to be retained in the ER along with SAP97. When
expressed alone, Kv 1.4 travels to the cell surface. So meric complex as shown by comparing surface expres-
sion of NR1-1 and NR1-2 with NR2B. The same authorsin addition to escorting proteins to the surface from the
ER, PDZ proteins can function to retain proteins that found that assembled NR1-3 and NR1-4 were present on
the cell surface more than NR1-1 and NR1-2, suggestingwould normally be expressed on the surface. It is impor-
tant to note that SAP97 is colocalized with the ER marker that the interaction through the PDZ-interacting domain,
found on NR1-3 and NR1-4, has a greater effect onBiP when expressed alone in COS cells (Tiffany et al.,
2000), while in brain, SAP97 can be found at synapses facilitating assembly/surface expression than does ER
retention. However, changes in the ratios of NR1 andand in association with GluR1 (Leonard et al., 1998).
This is not the case with other PSD-95 family proteins. NR2 cDNAs transfected had an effect on the relative
amounts of assembled receptor on the cell surface, indi-For instance, when singly transfected, PSD-95 is local-
ized in vesiculotubular structures that colocalize exten- cating that subunit availability may significantly influ-
ence assembly in heterologous cells.sively with mannose-6-phosphate receptor (El-Husseini
et al., 2000), and in the brain it can be found at synapses While some of the basic parameters underlying a com-
plex event such as receptor assembly can be definedand in association with NR2 subunits (Kornau et al.,
1995). using heterologous cells, the conditions in a neuron are
far more complex, with multiple subunits and splice vari-We found that C29-containing but not C2-containing
NR1 splice variants coimmunoprecipitate with the PSD- ants often coexpressed in the same neurons but forming
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a range of receptors with different subunit compositions et al., 1998) or somatostatin and cholecystokinin (Wang
that are differentially targeted. It has been shown that and Thukral, 1996), respectively. The pattern of ER-
complexes of NR1/NR2A, NR1/NR2B, and NR1/NR2A/ retained Tac-NR1-1 immunostaining in neurons indi-
NR2B are expressed in the same neuron (Kew et al., cates that unassembled NR1 homomers are not re-
1998) and that the receptor complexes containing differ- stricted to the cell body but extend into the dendrites.
ent NR2 subunits can have distinct distributions, such This is supported by the finding that in adult rat brain
as synaptic and extrasynaptic (Rumbaugh and Vicini, Purkinje cells, which do not express NR2 subunits or
1999; Tovar and Westbrook, 1999). Functional receptor possess functional NMDA receptors, NR1 is present in
complexes containing two different NR2 subunits can dendrites as well as in the soma (Petralia et al., 1994a).
be formed in transfected cells (Brimecombe et al., 1997) Regulating exit of assembled receptors from dendritic
and in some neurons (Tovar and Westbrook, 1999), indi- ER through association with and masking by PDZ pro-
cating that this event is not regulated solely by the pref- teins may provide a novel method for regulating the
erence of one subunit to assemble with another. There- transport and local targeting of receptors to synapses.
fore, additional mechanisms must exist in neurons to Recent work indicates the specific importance of a PDZ
exclude or include a particular NR2 or NR1 subunit in protein interaction with GluR1 for delivery of receptors
the assembly process. Additionally, coexpression of dif- to synapses in long-term potentiation (Hayashi et al.,
ferent splice variants produces mixed NR1-1-containing 2000). While it is not known from which compartment(s)
homomers that are expressed on the cell surface in AMPA receptors originate, several studies have demon-
heterologous cells. Selective subunit assembly, there- strated the presence of intracellular receptors in den-
fore, requires other factors that may include the segre- drites and dendrite spines (for review see Petralia et al.,
gation of the subunits such that NR2A and NR2B, and 1999). Immunogold labeling and electron microscopy
NR1 splice variants, are restricted to specific microdo- show the presence of both NMDA (Racca et al., 2000)
mains of ER in the neuron. The differential trafficking of and AMPA receptors (Nusser et al., 1998) in the spine
NR1 splice variants may play a role in determining the apparatus subjacent to synapses in hippocampal pyra-
availability of NR1 for assembly with NR2 subunits. This midal cells, which is continuous with smooth ER (Spacek
idea is supported by the report that particular combina- and Harris, 1997). These observations are consistent
tions of NR1 splice variants and NR2 subunits are fa- with the hypothesis that local regulation of receptor exit
vored in the brain (Sheng et al., 1994). While it is generally from neuronal ER plays a role in modifying discrete syn-
thought to be restricted to the cell body, subunit assem- aptic receptor number.
bly could very well occur in the dendrite. In support of
this, the ER retained Tac-NR1-1 exhibited immunostain- Experimental Procedures
ing in processes distal from the soma. A number of
Materialsstudies have documented the presence of not only ER
Tissue culture media was purchased from Life Technologies. HeLaresident proteins but also Golgi-associated proteins in
229 cells were acquired from American Type Tissue Collection. DNAdendrites (Torre and Steward, 1996; Gardiol et al., 1999),
oligonucleotides were purchased from BioServe. Calcium phos-showing that the necessary chaperones and processing
phate transfections were performed with Clontech’s Calphos
enzymes are available to support assembly of complex transfection kit. For site-directed mutagenesis, StrataGenes’s
proteins. The fact that homomeric NR1 is present in QuickChange site-directed mutagenesis kit was used. SDS electro-
dendrites is demonstrated in the adult cerebellum where phoresis gels from Novex were used. Protran nitrocellulose mem-
branes (Schleicher & Schuell) and Immobilon P (Millipore) PVDFPurkinje cell dendrites contain NR1, in the absence of
membranes were used for Western blotting. N-Glycosidase F andNR2 (Petralia et al., 1994a). Local assembly of a func-
endoglycosidase H were purchased from Boehringer Mannheim.tional receptor complex would provide a mechanism for
Fluorescent secondary antibodies were acquired from Jackson Lab-a rapid and localized modification in synaptic response.
oratories.
NR1 subunits expressed individually in heterologous
cells results in the formation of a ligand binding site for
Antibodies
glycine but not for glutamate (Grimwood et al., 1995). All antibodies have been characterized previously and include anti-
While they may not necessarily form functional ion chan- exon 5 of NR1 (Blahos and Wenthold, 1996), anti-NR1 54.1 (Phar-
nels, NR1 homomers could function as glycine detectors Mingen), anti-SAP102 (Sans et al., 2000), anti-PSD-95 (Kornau et al.,
1995), anti-rabbit Tac antibody (Research Diagnostics), monoclonalin neurons. Biochemical and immunocytochemical evi-
Tac (7G7; kindly provided by Dr. Paul Roche), anti-NR2A (2F6.3D5;dence suggests there is a large pool of NR1 that is
Hartveit et al., 1994; kindly provided by Dr. I. Bartke, Boehringernot associated with NR2 (Petralia et al., 1994a, 1994b;
Mannheim, Mannheim, Germany), and anti-NR2B monoclonalBlahos and Wenthold, 1996; Hall and Soderling, 1997). (Transduction Laboratories).
Much of this pool appears to be homomeric (Chazot and
Stephenson, 1997) and intracellular (Huh and Wenthold, Molecular Biology
1999), and some appears to form high molecular weight Full-length NR1 receptor splice variants 1-1b, 1-1a, 1-2b, 1-3b, and
homomeric complexes of four or five subunits (Chazot 1-4b (kindly provided by Dr. Michael Hollmann) were expressed in
and Stephenson, 1997). Therefore, homomers that may pcDNA3 (1-2b, 1-3b, 1-4b) or pcDNA1 (1-1b; Invitrogen). PSD-93
and PSD-95 were expressed in a pGW1 vector (British Biochemistry;be present on the cell surface would be glycine-depen-
kindly provided by Dr. David S. Bredt). SAP97 and SAP102 weredent and glutamate-independent receptors. In support
kindly provided by Dr. Morgan Sheng and Dr. Craig Garner, respec-of this, neurotransmitter and neuropeptide release stud-
tively. Tac was expressed on a pCDL plasmid with an SRa promoter
ies on rat hippocampal and neocortical presynaptic (kindly provided by Dr. Juan S. Bonifacino). The Tac coding region
nerve endings have demonstrated the existence of a was modified at codon 268 from AGT to TCT, preserving the existing
glycine-dependent, glutamate-independent NMDA re- serine residue, but introducing an XbaI site into the C-terminal,
cytoplasmic domain of Tac. DNA fragments encoding regions ofceptor mediated release of 3H-noradrenaline (Paudice
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the NR1 C-terminal cytoplasmic tail were subcloned into XbaI and above. Cells were then blocked for 1 hr with 10% NGS as above,
and incubated with Tac antibody for 1 hr. Cells were then washedan EcoRV site 39 of the coding region, appending coding regions
onto amino acid 269 of Tac, which included 10 of the 13 total and incubated with the HRP-conjugated secondary antibody as
above. All wells were washed with 3 ml of PBS three times beforeC-terminal cytoplasmic tail amino acids. DNA fragments of NR1
coding regions were obtained by PCR with primers containing flank- the colorometric reaction. Ortho-phenylenediamine (OPD; Sigma)
(0.8 ml/well) was added and the color reaction allowed to proceeding sequences of NR1, as well as XbaI only (C29-containing variants),
or XbaI and EcoRV sites at 59 and 39 ends, respectively. Constructs for 30 min. The reaction was terminated with 0.2 ml 3 M HCl, and
the optical density was measured at 492 l. Experimental values arecontaining Tac alone, with its 13 amino acid C-terminal tail were
transfected as controls (Figure 4). Mutagenesis was performed on expressed as the mean 6 SD of the ratio of surface to permeabilized
values for each transfection. Significance was determined using anboth Tac-NR1 splice variant coding regions using the QuickChange
site-directed mutagenesis kit (Stratagene). The NR1 areas of each unpaired Student’s t test and is indicated by an asterisk.
chimera were sequenced entirely to confirm appropriate sequence,
mutation, and reading frame. Immunofluorescence Microscopy
HeLa cells were transfected with 2–4 mg plasmid DNA per 2 ml well
using the Calphos Kit. Media was changed 12 hr later. Immunostain-Cell Culture
HEK293 and HeLa cells used for transient transfections were main- ing of HeLa cells was performed on 15 mm coverslips (Daigger).
Surface staining was performed on ice for 1 hr, coverslips were thentained in DMEM, supplemented with 10% (v/v) fetal calf serum (Life
Sciences), 2 mM glutamine, and gentamycin (40 mg/ ml), and kept placed in paraformaldehyde for 20 min, permeabilized with 0.25%
Triton X-100 for 5 min, and blocked for 1 hr in 10% normal goatat 378C in 5% CO2.
serum. Coverslips were then treated with another primary antibody
for double staining or with secondary antibodies for 30 min andHippocampal Cultures
then washed and mounted onto slides with vectashield (Vector).Hippocampal neurons were isolated as previously described
(Banker and Goslin, 1991; Roche and Huganir, 1995) with changes
noted below. Briefly, hippocampi were dissected from E18 Sprague– Deglycosylation
HeLa cells plated on 10 cm tissue culture plates were transfectedDawley rats (Harlan) and dissociated in 0.25% trypsin. An additional
incubation with 0.01% DNaseI was used to avoid clumping of cells. with 10 mg of plasmid DNA as described above, and cells were
harvested 2 days later in phosphate buffer, pH 7.4, containing 20Dispersed cells were plated onto polyornithine/fibronectin coated
glass coverslips at a density of 350,000 cells/well of a 24-well dish. mM EDTA, 1 mM AEBSF, 50 mg/ml leupeptin, and 10 mg/ml aprotinin.
Samples were then sonicated and an equal volume of 23 glycosi-The neurons were plated in DMEM/F12 media containing 10% FBS
and N2 supplements (Bottenstein and Sato, 1979) as previously dase buffer (50 mM sodium phosphate, pH 7.4, 20 mM EDTA, 0.4%
SDS, 1% b-mercaptoethanol, plus protease inhibitors as above).described. After 3 days in culture, 3 mM cytosine arabinoside was
added to inhibit proliferation of nonneuronal cells. The cultures were Samples were then heated at 958C for 5 min, then cooled and parti-
tioned into thirds; samples were treated with 0.4 U N-glycosidase-F,maintained in a 5% CO2 incubator until transfected and processed
for immunofluorescence. 0.006 U endoglycosidase H, or control saline, and incubated over-
night. Reactions were terminated with 53 SDS–PAGE sample buffer
and heated to 958C for 5 min.Neuronal Transfections
Neurons (3 div) were transfected with the appropriate cDNA using
the calcium phosphate coprecipitation method as previously de- Subcellular Fractionations
Adult Sprague–Dawley rat forebrains were homogenized in sucrosescribed (Taylor, 1999). Three micrograms of total DNA were used
per well of the 24-well dish. Precipitate was allowed to form on cells buffer (0.32 M sucrose, 0.05 M Tris-HCl, pH 7.5, 0.2 mM 4-(2-amino-
ethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), 10 mM EDTA,for z45 min, followed by two washes with serum-free media. The
cells were returned to conditioned media and maintained at 378C 10 mM leupeptin, 1 mM pepstatin). The homogenate was subfractio-
nated by centrifugation at 1,000 3 g for 8 min and the supernatantin a 5% CO2 incubator for an additional 4–7 days.
S1 removed and further centrifuged at 10,000 3 g for 20 min. The
P2 pellet was discarded. The S2 fraction was centrifuged at 12,000 3Immunostaining of Neurons
g for 30 min, and the supernatant recovered and centrifuged atFor surface and permeabilized staining of neuronal cultures, cov-
140,000 3 g for 120 min. The resulting pellet, P3, was resuspendederslips were washed twice in PBS and primary antibody (Tac) was
in 50 mM Tris-HCl, pH 7.4, containing the protease inhibitor cocktailapplied at room temperature. After three washes, neurons were
described above at protein concentrations of 4 mg/ml.fixed for 20 min in 4% sucrose-4% paraformaldehyde in phosphate
buffered saline (PBS). Neurons were then blocked for 30 min in 10%
NGS and treated with an FITC-conjugated secondary antibody for Immunoprecipitation
Immunoprecipitation experiments were performed as described30 min at room temperature. After washing 3 times in PBS, neurons
were subjected to pemeabilization for 5 min in 0.25% Triton X-100. previously (Blahos and Wenthold, 1996). Briefly, HEK293 cells were
sonicated in 0.05 M Tris-HCl (pH 9) with protease inhibitors andAfter washing, neurons were blocked again for 1 hr with 10% NGS.
Neurons were then treated with the primary Tac antibody for 1 hr solubilized in 1% deoxycholate. Insoluble material was removed by
centrifugation and immunoprecipitation reactions were carried outto assess permeabilized staining, then washed and treated with
a rhodamine-conjugated secondary antibody. The neurons were as described below. For rat brain, P3 fractions were solubilized in
0.05 M Tris HCl (pH 7.4) with 1% Triton X-100 for 30 min at 48C.washed and mounted with Prolong (Molecular Probes) and visual-
ized on a Zeiss Axiophot microscope. Insoluble material was removed by centrifugation and the superna-
tant was stored at 2808C until the immunoprecipitation reactions
were performed. For immunoprecipitation, 10 ml of the appropriateQuantitative Assay of Surface Expression
antiserum was added to 50 ml (resuspended resin) of protein ATo quantify relative surface expression, 8 mg of plasmid DNA was
agarose beads in PBS containing 0.1% Triton X-100 for at least 2transfected into HeLa cells that were z50% confluent. Cells were
hr at 48C. Protein A beads were then pelleted, washed in PBS pluswashed with media after 12 hr, trypsinized, and aliquoted equally
0.1% Triton X-100, and incubated with 1 ml of the detergent-solubi-(Man et al., 2000). Surface staining with the Tac antibody was per-
lized fraction at 48C with constant rotation. The beads were thenformed on ice for 1 hr with 3 of the 6 wells per transfected plate (at
washed with 50 mM Tris-HCl, pH 7.5, containing 0.1% Triton X-100least three separate transfections per construct). Cells were then
and 150 mM NaCl. After the last wash, the beads were resuspendedwashed with PBS, fixed for 20 min in 4% paraformaldehyde, treated
in 23 SDS sample buffer (100 ml) and boiled for 3 min.with 0.25% Triton X-100 for 5 min, and blocked for 1 hr with 10%
normal goat serum (NGS). Washing was followed by incubation with
an HRP-conjugated secondary antibody (1:2500; Amersham). For SDS–PAGE and Immunoblot Analysis
Proteins were separated with SDS–PAGE (4%–20% gradient gels)permeabilized total staining, 3 of 6 wells per transfection were first
fixed with paraformaldehyde, then treated with Triton X-100 as and transferred to nitrocellulose or PVDF membranes. Membranes
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were incubated with 5% (w/v) skim milk in Tris-buffered saline (TBS) Grootjans, J.J., Zimmerman, P., Reekmans, G., Smets, A., Degeest,
G., Durr, J., and David, G. (1997). Syntenin, a PDZ protein that bindscontaining 0.05% Tween-20 overnight at 48C. Membranes were
washed and incubated with primary antibody at the following con- syndecan cytoplasmic domains. Proc. Natl. Acad. Sci. USA. 94,
13683–13688.centrations: anti-NR1 [1/5000], anti-NR2A [1/5000], anti-NR2B [2.0
mg/ml], anti-SAP102 [1/1000], and anti-PSD-95 [1/2000], anti-rabbit Hall, R.A., and Soderling, T.R. (1997). Differential surface expression
Tac [1 mg/ml]. Immunoreactive bands were visualized with chemilu- and phosphorylation of the N-methyl-D-aspartate receptor subunit
minescence (Pierce, Rockford, IL) using Kodak X-Omat AR film. NR1 and NR2 in cultured hippocampal neurons. J. Biol. Chem. 272,
Each experiment was repeated several times, and representative 4135–4140.
blots are shown.
Hartveit, E., Brandstratter, J.H., Sassoepognetto, M., Laurie, D.J.,
Seeburg, P.H., and Wassle, H. (1994). Localization and develop-
Received June 7, 2000; revised October 16, 2000.
mental expression of the NMDA receptor subunit NR2A in mamma-
lian retina. J. Comp. Neurol. 348, 570–582.
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